The number of Gamma-Ray Bursts (GRBs) detected at high energies (∼ 0.1 − 100 GeV) has seen a rapid increase over the last decade, thanks to observations from the FermiLarge Area Telescope. The improved statistics and quality of data resulted in a better characterisation of the high-energy emission properties and in stronger constraints on theoretical models. In spite of the many achievements and progresses, several observational properties still represent a challenge for theoretical models, revealing how our understanding is far from being complete. This paper reviews the main spectral and temporal properties of ∼ 0.1 − 100 GeV emission from GRBs and summarises the most promising theoretical models proposed to interpret the observations. Since a boost for the understanding of GeV radiation might come from observations at even higher energies, the present status and future prospects for observations at very-high energies (above ∼ 100 GeV) are also discussed. The improved sensitivity of upcoming facilities, coupled to theoretical predictions, supports the concrete possibility for future ground GRB detections in the high/very-high energy domain.
Introduction
The origin of the radiation detected from Gamma-Ray Bursts (GRBs) is still enigmatic in many aspects. The nature of the radiative processes and energy dissipation mechanisms at work have not been clearly identified yet. The limited understanding of the mechanisms responsible for radiation strongly affects the possibility to constrain the properties of the emitting region, and ultimately, disclose the composition of the jet itself and the nature of the progenitor. Currently, GRBs are detected mostly by the space missions Swift and Fermi. Swift, launched in 2004, finds and localises GRBs with the Burst Alert Telescope (BAT, 15-150 keV) and follows their afterglow with the X-ray Telescope (XRT, 0.3-10 keV) and the UV/Optical Telescope (UVOT, 170 -600 nm). Fermi, launched in 2008, is dedicated to hard X-ray and γ-ray observations, covering the 8 keV-300 GeV energy range thanks to its two instruments: the Gamma-ray Burst Monitor (GBM, 8 keV -30 MeV) and the Large Area Telescope (LAT, 20 MeV-300 GeV). Considering both satellites, the current GRB detection rate is approximately one event per day. Follow-up observations in the radio, optical, and soft X-ray bands complete the observational picture by providing information on the afterglow emission.
Exciting non-electromagnetic channels for the investigation of GRBs include gravitational waves, 1 cosmic-rays, 2, 3 and neutrinos. 4, 5 However, a relatively new window on the study of GRBs has recently opened also within the electromagnetic domain, thanks to GRB detections above several tens of MeV. Since August 2008, the LAT has detected on average ∼ 14 GRBs per year a , with photon energies up to ∼ 100 GeV. 6 Observations at higher energies, performed by all major Imaging Atmospheric Cherenkov Telescopes (IACTs) and Extensive Air Shower (EAS) arrays, have so far resulted only in upper limits. [7] [8] [9] [10] [11] The comparisons between such flux limits and theoretical models suggest that an improvement in the instrument sensitivity, such as the one warranted by the next generation of Cherenkov telescopes, should be sufficient for GRB ground detections at 50-100 GeV, and possibly even beyond.
The least understood phase of the GRB phenomenon probably remains the prompt emission, lacking a basic understanding of the nature of the dominant radiation mechanism. Spectra between ∼ 10 keV and ∼ 1 MeV are generally well described by an empirical function (called Band function 12 ) composed by two smoothly connected power-laws (PLs). The low-energy PL has photon index α (N ν ∝ ν α ) with distribution peaked around the value α ∼ −1, in contrast with expectations from the synchrotron model (α syn = −1.5). The high-energy PL has photon index β (N ν ∝ ν β ) smaller than -2, with typical values around -2.2 --2.3, consistent with a non-thermal distribution of relativistic electrons with spectral index p 2.4−2.6 (in the notation N (γ) ∝ γ −p ). The spectral peak energy E peak has a wide distribution centred around ∼ 200 keV and ranging from a few keV to several MeV. [13] [14] [15] Due to the inconsistency between the low-energy part of the observed spectra and the synchrotron spectrum, a large number of alternative models have been proposed and investigated. [16] [17] [18] [19] [20] [21] [22] Within the synchrotron scenario, a reconciliation with the observed spectra is possible if one considers a synchrotron spectrum produced by electrons in moderately fast cooling regime and/or modified by inverse Compton scatterings in Klein-Nishina (KN) regime. 23 In spite of all the efforts, the origin of the prompt radiation still remains one of the most puzzling open issues in GRB physics.
Recent progresses in the characterisation of prompt spectra have outlined the presence (at least in a fraction of GRBs) of a third PL behaviour at low energies (below a break energy that assumes values in the range 2-100 keV). [24] [25] [26] When accounting for this additional PL, the spectral fits are consistent with N ν ∝ ν −2/3 and N ν ∝ ν −3/2 below and above the break energy, respectively, as expected in synchrotron radiation spectra. These recent findings call now for a re-evaluation of the consistency between prompt spectra and synchrotron radiation.
As for the temporal characteristics, the duration of the prompt phase provided the first hint for the existence of two different classes of GRBs. The prompt duration (T 90 ) has indeed a bimodal distribution, 27 based on which GRBs are classified as short or long, depending whether their T 90 is smaller or larger than 2 s. The fact that we are in presence of two different populations (reflecting the existence of two different types of progenitors) is supported and reinforced by other observational differences among the two classes (e.g., spectral hardness, properties of the host galaxies, association with supernovae) and by the recent detection of a gravitational wave signal consistent with a binary neutron star merger and associated to a short GRB.
1 Both long and short GRBs have been detected in the high-energy (0.1 − 100 GeV) domain, with similar behaviours.
The interpretation of afterglow radiation is less problematic as compared to the prompt, since observations are in general agreement with the standard model (i.e., the synchrotron external shock scenario 28 ). Nevertheless, features such as plateaus, bumps, and rebrightenings, commonly present in afterglow lightcurves, still represent an open issue.
A recent review on the current status of GRB observations, theoretical understanding, and open issues can be found in Ref. 29 . The present work focuses instead on one specific aspect, that is the high-energy emission detected in a fraction of GRBs during their prompt and/or afterglow phases. Throughout the whole paper, the term high-energy (HE) will be used with reference to emission above a few tens of MeV.
The paper is organised as follows: I first present a brief history of high-energy observations through the history of the main detectors that allowed us to reveal and probe the presence of HE emission from GRBs (section §2). In §3, I summarise the observational properties of this radiation. I review the most promising theoretical models in section §4. Since relevant information may be derived also from the lack of detections, HE flux upper limits and their implications for physical models are discussed in section §5. Finally, in section §6, the present status and future prospects for GRB observations at very-high energies (VHE, 100 GeV) are summarised. Conclusions are presented in section §7.
Detectors for observations of GRBs at high-energies
The very first hints for GRBs emitting radiation above 0.1 GeV date back to more than thirty years ago, when the Gamma-Ray Spectrometer onboard the Solar Maximum Mission detected ∼0.1 GeV photons from a very bright event occurred on 1984 August 5. 30 Since then, much has been learned on the temporal and spectral properties of the radiation detected at these energies, and photons have been detected at even higher energies, the record holder being a 95 GeV photon (corresponding to 128 GeV in the frame at rest with the progenitor) from GRB 130427A. 6 In this section, I review the (past and current) major detectors that mostly contributed to the study of HE radiation from GRBs, and I highlight their main discoveries and accomplishments.
CGRO-EGRET
The Compton Gamma-Ray Observatory (CGRO, 1991 (CGRO, -2000 with its instruments devoted to the study of the energetic transient Universe, has marked the beginning of a new era for GRB observations. The Burst And Transient Source Experiment (BATSE), sensitive in the energy range ∼ 20-2000 keV, has detected prompt emission from about 2700 GRBs, allowing us to infer spectral and temporal properties for . Crosses denote BATSE-LAD data, filled circles denote TASC data. Two different spectral components (a Band function at low energy and a simple power-law at high energy) are present in the time intervals b to e. From Ref. 34. a large sample of events and over a wide range of energies. At even higher energies, GRBs could be studied thanks to EGRET, the Energetic Gamma-Ray Experiment Telescope, sensitive in the energy range ∼ 20 MeV-30 GeV.
EGRET, featuring a field of view of ∼ 0.5 sr and a dead time of ∼ 100 ms, has detected five GRBs with its spark chamber (GRB 910503, GRB 910601, GRB 930131, GRB 940217, and GRB 940301 31 ), plus one (GRB 941017) that triggered the calorimeter beneath the spark chamber (EGRET-TASC, Total Absorption Scin-tillator Calorimeter).
These first few detections immediately revealed the diversity in GRB spectral and temporal properties at high energies. The radiation detected by EGRET from GRB 930131 32 was consistent with being the high-energy continuation of the keVMeV spectrum observed by BATSE, suggesting a common origin of the radiation from keV to GeV energies. On the contrary, the HE emission from GRB 940217 pointed to the presence of an additional emission component with a distinct origin as compared to the prompt: the HE emission lasted indeed much longer than the prompt phase, being detected up to 90 minutes after the burst, with an 18 GeV photon arrived after 75 minutes. 33 A clear evidence for the presence of an additional spectral component was found also in GRB 941017. 34 In this GRB, the combined use of BATSE and TASC data revealed the presence of an additional and hard power-law spectral component, observed up to 200 MeV (Fig. 1, panels b to e).
AGILE-GRID
The AGILE satellite, 35 launched in 2007, features onboard a pair-tracking telescope operating in the 30 MeV-50 GeV energy range, called the Gamma Ray Imaging Detector (GRID 36 ). With its larger field of view (∼ 2.5 sr) and reduced dead time (∼ 200 µs) it represents a substantial improvement over the capabilities of EGRET, and is particularly suited for observations of GRBs. AGILE can also observe GRBs at hard X-rays (18-60 keV), thanks to SuperAGILE. 37 Moreover, the AGILE MiniCalorimeter (MCAL), besides being part of the GRID, can autonomously detect and study GRBs in the 0.35-100 MeV range with excellent timing.
After the EGRET era, AGILE has been the first mission to detect radiation above several tens of MeV from GRBs (GRB 080514B 38 ). The energy of photons detected by the GRID from GRB 080514B versus their arrival time is shown in AGILE detected so far 9 GRBs b with emission above 30 MeV. [39] [40] [41] The GRID lightcurve of the short GRB 090510 is shown in Fig. 2 (right-hand panel): significant emission above 30 MeV is visible well after the prompt phase, that ended at t ∼ 1 s. The decay of the flux as a function of time can be modelled by a PL function (F ∝ t −1.3 ), as shown by the dashed line.
Fermi-LAT
The Fermi satellite was launched in June 2008 and began operations in early August 2008. It has two instruments onboard: the Gamma-ray Burst Monitor (GBM), 42 and the Large Area Telescope (LAT). 43 The GBM is a full sky monitor including 12 sodium iodide (NaI) detectors and two bismuth germanate (BGO) detectors, sensitive respectively in the 8 keV-1 MeV and 150 keV-30 MeV energy range. It localises GRBs and determines their position with a ∼ 3
• -4
• accuracy (but see Ref. 44 ). The GBM is detecting GRBs at an average rate of 240 per year c , which is about the expected rate. Around the 16% are short bursts.
The LAT is a pair conversion telescope covering the energy range from ∼ 20 MeV to ∼ 300 GeV. The LAT features a large field of view (2.4 sr at 1 GeV), a broad energy range, a low dead time per event < 50 µs), and a large effective area at all energies. As compared to the EGRET and GRID experiments, these features resulted in a much larger number of detections and an improved capability of inferring the temporal and spectral properties of the HE emission. The LAT is detecting GRBs at an average rate of 14 per year. The full list of GRBs detected by the LAT until December 2017 (141 events a ) is reported in Table 1 . Given that about half of the GBM-detected GRBs fall inside the LAT field of view, the detection rate of LAT corresponds to ∼ 12% of GBM bursts.
While in the first 2 years of observations the analysis of GRB data was restricted to photons with energy larger than 100 MeV, in 2010 a new technique was introduced to reconstruct the signal between ∼ 30 and 100 MeV. 45 The introduction of the LAT low-energy (LLE) event class allowed to fill the gap between the GBM and the emission above 100 MeV. Around 15% of the LAT GRBs have been detected only below 100 MeV (LLE-only events).
Most of our present knowledge on HE emission from GRBs is based on Fermi-LAT observations and will be presented in the next section.
Observational properties of GRBs with high-energy emission
The full list of GRBs detected by the LAT until December 2017 and their main properties can be found in Table 1 . The different scenarios for the interpretation of these properties will be discussed in section 4.
Detection rate and redshift distribution
Simulations performed before the launch of Fermi predicted an LAT detection rate of 10-12 GRBs/year above 100 MeV, including 6-8 GRBs/year above 1 GeV.
46 These pre-launch estimates were based on simple PL spectral extrapolations of the prompt keV-MeV component into the LAT energy range. For these calculations, the spectrum of the prompt component has been described as a Band function with parameters distributed according to the properties of BATSE bursts. Estimates based on this purely phenomenological approach are subject to two main sources of uncertainty, affecting the predicted rate in opposite directions. A rate based on PL extrapolations of the Band prompt component might lead to overestimate the actual rate in case high-energy spectral cutoffs are present at GeV energies. Cutoffs around these energies are expected as a result of γ-γ absorption and they have been indeed observed in a few cases (see section 3.3). On the other hand, a rate based on keV-MeV prompt spectra might lead to underestimate the actual rate in case an additional spectral component is present in the LAT energy range (e.g., an inverse Compton component of internal or external origin). Additional spectral components have been observed in several LAT GRBs, as it will be discussed in section 3.3. Fig. 3 . Left: cumulative number of GRB detections by the LAT during the first three years of observations (the time covered by the first LAT GRB catalog 47 ). Only GRBs with photons above 100 MeV are included. Diamonds (blue) denote the 28 events with photon energies in excess of 100 MeV included in the first LAT catalog. Squares (green) show the effect of the new detection algorithm, and circles (red) show the combined effect of the improved detection algorithm 48 and of the improvement in the event analysis from Pass 7 to Pass 8 (from Ref. 48) . Right (this work): the red and yellow histograms show the redshift distribution of LAT long and short GRBs up to December 2017 (see Table 1 ), compared to the full sample d (also updated to December 2017, blue and green histogram for long and short GRBs, respectively).
During the first 3 years of the Fermi mission, the LAT detection rate were slightly below pre-launch expectations 47 (28 detections above 100 MeV, see the cumulative number in Fig. 3 , left-hand panel, blue diamonds). This was interpreted as the evidence for the frequent presence of cutoffs/breaks in the high-energy part of prompt spectra. The development of new event analyses for the LAT and the introduction High-energy emission from GRBs 9 of a new search algorithm accounting for the large GBM position uncertainty 48 have however increased the LAT detection rate to 14 GRBs/year (∼ 12 GRBs/year with photons above 100 MeV), consistent with pre-launch estimates. The effects of the 'Pass 8' event analysis and of the new detection algorithm on the LAT detection rate until August 2011 (corresponding to the time covered by the first LAT GRB catalog 47 ) are shown in Fig. 3 (left-hand panel). The good agreement between the observed detection rate and the predicted one must not be considered as a demonstration that LAT GRB detections are always caused by the HE part of the prompt emission spectrum, that is the scenario on which the pre-launch estimates were based. More likely, the present rate is the result of cases where the Band spectrum continues up to high-energies, cases with MeV cutoffs resulting in no HE detections, and cases where the HE detection is caused by an additional spectral component.
Among the 141 GRBs detected by the LAT in about nine and a half years of operations (until December 2017), 30 have known redshift (see Table 1 ), including one short event (GRB 090510). Their redshift distribution is shown in Fig. 3 (right-hand panel, red and yellow histograms for long GRBs and for the short one, respectively), where they are compared with the total distribution of spectroscopic redshifts d , also updated to December 2017. GRBs with detected HE emission span a large range in redshift, from 0.145 to 4.35. A comparison between LAT, BAT and GBM+BAT samples showed that their respective redshift distributions are all consistent with each other. 49 There are indications, however, that for a given redshift, LAT-detected GRBs are generally brighter than the average. 49, 50 Fig. 4 shows the prompt fluence and prompt E γ,iso (both integrated in the energy range 1-10 4 keV) versus redshift z (left-hand and right-hand panels, respectively) for all GBM events with measured redshift. Stars denote the subsample of GRBs detected also by the LAT. Their fluence and E γ,iso are also reported in Table 1 . [keV]
[s] 3.2. Lightcurves HE lightcurves of different GRBs share some recurrent properties. The emission above 100 MeV usually starts with a small delay (of the order of seconds) as compared to the onset of the keV-MeV signal and, in most cases, lasts much longer than the keV-MeV prompt component. The presence/absence of HE temporally extended emission (EE) is reported in Table 1 . Tentatively, we consider the LAT emission temporally extended when it lasts at least 3 times longer than the prompt (sub-MeV) emission. The duration of the prompt emission is identified by its T 90 (fourth column in Table 1 ). When no information about the possible presence of HE extended emission is reported in the table, either the information is not available or the HE emission lasts longer than the prompt but less than 3 × T 90 . When a long lasting component is present, at late time (i.e., approximately after the end of the prompt phase) its flux decays smoothly, according to a PL behaviour in time. 57, 58 During the prompt emission the temporal behaviour is instead more erratic and with characteristics resembling the prompt emission. While the paucity of events above 1 GeV makes difficult to assess the presence of flux variability and cross-correlate the LAT above 1 GeV with GBM lightcurves, hints of LAT variability below 1 GeV have been found. It is likely that at these energies two different components are contributing to the emission: one related to the prompt (and then of internal origin) and the other one lasting much longer, and then probably related to external shocks. The temporal properties of the HE emission both during and after the prompt phase are summarised in the following sections.
Temporal delay
One of the common features characterising most of the HE detected GRBs is the temporal delay between the onset of the prompt keV-MeV and the detection of the first high-energy photons. 47, 57, 59 Measured delays vary from half a second (for the short GRB 090510) to a few tens of seconds, with typical values between 1 and 10 s. 47 This temporal lag behaves in an opposite way as compared to the lag usually observed at lower energies, where prompt pulses peak earlier at higher energies. While in faint LAT GRBs the initial lack of events can be simply caused by the small number of photons, the observation of these delays also in bright LAT events, where the statistics is high, suggests that it has indeed a physical origin, and is not merely an instrumental effect. This behaviour is then considered an intrinsic feature that any physical model aimed at interpreting the GeV emission should be able to explain.
59 Proposed interpretations will be discussed in section 4.
Variability and temporal correlation with keV-MeV prompt emission
Temporal variability in the HE emission has been measured with a certain statistical significance only in a few GRBs, at early times, when the prompt emission in the sub-MeV energy range is still ongoing. In these cases, the variability seems to be correlated with the temporal variation observed in the prompt keV-MeV emission.
The most noticeable example is represented by GRB 090926A. 60, 61 The lightcurve in six different energy ranges is reported in Fig. 5 (left-hand panel). A simultaneous, short spike in the lightcurve around T = 10 s is present across all energies, from several keV to at least 1 GeV. A time resolved spectral analysis (right-hand panel in Fig. 5 ) revealed that during the spike (time interval c) an additional spectral component peaking between 0.1 and 1 GeV is present. Above 1 GeV the paucity of photons makes difficult to assess the presence of variability and temporal correlation with the emission at lower energies.
A recent analysis on a sample of 5 bright GRBs (080916C, 090510, 090902B, 090926A, and 170214A) is reported in Ref. 51 . In their study, the authors search for a temporal correlation between the HE emission and the keV-MeV emission, selecting GRBs with good photon statistics. Moderate evidence of variability and temporal correlation with the prompt component is found in all five cases. However, this result might be driven by photons below 1 GeV, where a contamination from the prompt component is likely. 
Late time component
The flux of the long-lived LAT emission decays following a PL behaviour in time, which is reminiscent of the smooth temporal decay of the X-ray and optical afterglow fluxes, rather than the variable temporal structure typical of the prompt keV-MeV flux. Examples of temporally extended LAT lightcurves above 0.1 GeV can be found in Fig. 7 for GRB 090510 and in Fig. 11 (left-hand panel) for a sample of 10 GRBs with measured redshift. In all these examples, the LAT emission lasts much longer than the prompt phase, being detected up to 10 2 − 10 3 s after the trigger (up to ∼ 3 × 10 4 s for the very bright event GRB 130427A). In an early work 58 focused on the characterisation of this long lasting component, the authors showed that lightcurves are on average steeper (i.e. F LAT ∝ t −1.4 ) than what usually measured at later times in soft X-rays (F X ∝ t −1.2 ), and suggested (within the context of afterglow emission) that the blast-wave is initially in a radiative regime, where the dissipated energy is efficiently radiated. In the first Fermi LAT GRB catalog, 47 only two GRBs are found to have a steep decay rate, while all the others have more standard decays, with temporal indices between -1 and -1.2. Given the paucity of data points and their large errors, the inferred temporal indices strongly depend on the chosen starting time, and different results are found, depending whether the fit is performed starting from the peak of the flux (that usually occurs during the prompt phase) or later, after the end of the prompt, and depending whether the fit is performed on the energy flux or on the photon flux lightcurve.
In three cases (GRB 090510, GRB 090902B, and GRB 090926A), a break from a steeper to a shallower temporal decay provides a better fit to the data, 47 and might indicate a transition from prompt to afterglow dominated emission. Recently, the lightcurves of 24 LAT GRBs have been analysed in Ref. 62 , where a possible correlation between the LAT lightcurve brightness and its decay rate (with brighter lightcurves decaying faster than dimmer ones) has been suggested.
Spectral properties
A large variety of behaviours is found from the investigation of the spectral properties of the > 30 MeV emission. Due to the differences in the temporal behaviours during and after the prompt emission, it is more appropriate to discuss the spectral properties separately for the two temporal domains (i.e., the prompt and the afterglow phases). Note that during the prompt, joint GBM-LAT spectral fits can be performed, providing spectral coverage over 7 orders of magnitude.
In what follows, I first discuss the spectral properties of the HE emission during the prompt phase, and then I focus on the spectral behaviour after the end of the prompt. In both temporal domains, different cases are found: single and multiple spectral components, extending at high-energies as a simple PL or displaying highenergy cutoffs.
During the prompt phase: continuation of the Band spectrum
In several cases, the joint GBM-LAT spectral fits performed during the prompt phase revealed that the LAT detection is caused by photons belonging to the highenergy continuation of the Band spectrum. With reference to the first LAT GRB catalog, 47 examples of GRBs where the prompt LAT emission lies on the spectral PL continuation of the keV-MeV prompt emission are GRB 080825C, 090217, 090323, 090720B, 091003, 100116A, 100414A, 110709A, 110721A. These cases are interesting due to the possibility to infer a lower limit on the bulk Lorentz factor.
In a small fraction of cases in which the HE radiation is the spectral continuation of the sub-MeV component, a clear cutoff in the LAT energy range has been identified. Ref. 63 reported the existence of two remarkable cases (GRB 100724B and GRB 160509A) where the combined GBM-LAT data show that the prompt keVMeV spectrum has an evident softening (located at 20-60 MeV and 80-150 MeV, respectively), well modelled by an exponential cutoff. This feature in the highenergy part of the prompt spectrum is expected as the result of opacity to pair production within the source. An alternate explanation invokes the maximum synchrotron photon energy that the radiative mechanism is able to achieve (reflecting the maximum electron energy achieved during particle acceleration). However, this limit is expected to be at higher energies (see a discussion and derivation in sections 3.4 and 4.2.1) and an interpretation of the cutoff as caused by pair production is more likely. Under this last hypothesis, the cutoffs measured in GRB 100724B and GRB 160509A lead to estimated bulk Lorentz factors in the range Γ = 100 − 300 for both GRBs.
63
Further cases of HE cutoffs in the prompt spectra have been identified with a more indirect method, namely the non-detection of emission by the LAT. LAT flux upper limits compared to extrapolations of the Band component revealed the necessity for a spectral break/cutoff between the GBM and the LAT at least in six cases, out of a sample of 288 GBM GRBs. 64 This use of flux upper limits will be discussed in detail in section 5.
During the prompt phase: presence of an additional component
In some cases, such as GRB 080916C, 47 the short burst GRB 090510, 65 GRB 090902B, 66 GRB 090926A, 60, 61 GRB 110731A, 67 and GRB 130427A 6 a second, harder spectral component (in addition to the common Band component) has been clearly identified during the prompt phase. The quality of the data usually does not allow a detailed study of its spectral shape, and a simple PL provides an acceptable fit. An example is provided by the spectrum labelled as d, in the time-resolved analysis of GRB 090926A (see Fig. 5 , right-hand panel). Typically, the PL photon index of this component is −2, that is harder than the high-energy part of the prompt keV-MeV spectrum. In one case (GRB 090926A) the additional component is modeled by a PL with an exponential cutoff, 60 both in the time-integrated analysis and in the time resolved spectrum accumulated over 0.8 s around the peak of the emission (see the right-hand panel in Fig. 5 ). The cutoff energy is located at 1.4 GeV in the time-integrated spectrum and at 0.4 GeV at the peak of the emission.
In general, the additional component is energetically sub-dominant (from 10 to 50% of the total prompt energy, see section 3.6). Similarly to the main Band component, it evolves with time. In at least two cases (GRB 090902B 66 and GRB 090510 65 ), the additional component seems to be correlated with an excess at low energy, as the extra PL exceeds the Band function not only in the LAT range but also below ∼ 10 − 50 keV. While in some GRBs the presence of an additional component during the prompt is firmly established, in other cases its presence is identified only in the time-integrated analysis, while the time-resolved shows no strong evidence for the existence of this component.
After the end of the prompt
After the end of the keV-MeV prompt emission, the LAT photon spectrum is well modelled by a simple PL component with spectral index around -2 and no noticeable spectral evolution in time. In Ref. 68 the simultaneous presence of two spectral components during the afterglow emission has been claimed. The harder one, dominating the emission in the high-energy part of the LAT energy range, has been interpreted as synchrotron-self Compton (SSC) radiation. However, in Ref. 6 the authors argue that there is no statistically significant evidence for the two-component fit, and the observed concave spectral shape might be the result of spectral evolution. The presence of an SSC component would explain the detection of photons with energies in excess of the maximum energy achievable by synchrotron photons (see figure 6 and the next paragraph), as it will be discussed in section 4.2.2.
High-energy photons
The LAT has observed several photons with energies well above 10 GeV (up to 95 GeV) coming from bright GRBs, which in the case of large redshift translate into photons exceeding 100 GeV in the rest frame of the progenitor. This result poses a big challenge for their interpretation as synchrotron photons from electrons accelerated at the external shock. The emitting electrons, indeed, can be accelerated up to a maximum energy above which the timescale for radiative synchrotron losses becomes shorter than the acceleration timescale. Under simple assumptions, the estimated maximum energy for synchrotron photons is around ∼ 50 MeV in the comoving frame, corresponding to E obs syn,max 50 MeV×Γ/(1 + z) in the observer frame (a derivation and discussion of the underlying assumptions is provided in section 4.2.1). When the jet starts decelerating, the Lorentz factor Γ decreases with time, implying that also E obs syn,max decreases. The detection of photons with energy in excess of ∼ 1-10 GeV at late time (i.e., well after the end of the prompt and the beginning of the deceleration) represents then a challenge, either for particle acceleration models or for the interpretation of these photons as synchrotron radiation. 6 shows, for each GRB, the energy of the most energetic photon detected by the LAT versus its arrival time (estimated from the trigger time). Both quantities are in the observer frame and are listed in Table 1 . Green symbols denote photons detected when the prompt emission was still ongoing (i.e., within the T 90 ), red symbols refer to photons detected well after the end of the prompt phase (i.e., with arrival time at least 3 times larger than T 90 ), black symbols refer to intermediate cases −6 erg cm −2 , prompt efficiency η γ = 0.2, and for two different assumptions on the radial profile of the external medium: constant, with n = 1 cm −3 (blue line) and wind-like, with n = 3 × 10 35 R −2 cm −1 (orange line). These curves are valid during the deceleration phase. Before the deceleration, when the Lorentz factor is constant (Γ = Γ 0 ), the maximum energy is also constant in time, and is simply given by E obs syn,max 50 MeV×Γ 0 /(1 + z). A large fraction of photons lie above the limiting curves. Even though the disagreement can be reduced by using a different choice of the parameters for the estimate of the limiting curves (see section 4.2.1), very extreme and contrived values are required to account for most of the photons in a simple shock accelera-tion/synchrotron radiation scenario.
The tension between observations and synchrotron model can be eased by considering a more complicated scenario for particle acceleration, for example where the magnetic field decays downstream on a length scale smaller than the region occupied by shocked particles. 70 Another possibility is to abandon the idea that these photons are produced by synchrotron radiation and invoke a separated component (e.g., inverse Compton) dominating the LAT emission (or, at least, the high-energy part of the LAT energy range). The interpretation of the origin of these photons will be discussed in section 4.
Short bursts
Among the 141 GRBs detected by the LAT in the first nine and a half years of operations (till December 2017), 13 are tentatively classified as short GRBs, based on their T 90 and spectral hardness. This corresponds to a detection rate of 9%, smaller than the overall GBM short GRB detection rate (16%). The redshift has been measured only in one case (GRB 090510, z=0.903, Fig. 3, right-hand panel) .
The behaviour of their HE component is very similar to the behaviour displayed by the HE emission of long GRBs. Also short GRBs can display a temporally extended emission decaying in time as a PL 71 (see the LAT and AGILE lightcurve of GRB 090510 in Fig. 7 ). Photons at tens of GeV have been detected also from short GRBs (see star symbols in Fig. 6 ): in particular a 30.5 +5.8 −2.6 GeV photon has been detected during the prompt phase of GRB 090510. 65 The only difference identified so far is in the ratio between the LAT and the GBM fluences, that in short GRBs is systematically larger as compared to long events, and is around 1 or more (Fig. 8) . 
Energetics
From the point of view of the energy radiated during the prompt emission, LAT GRBs are among the most energetic events. Fig. 4 shows, for the subsample of GBM bursts with measured redshift, the prompt fluence and E γ,iso versus redshift. LAT detected GRBs (denoted with star symbols) have systematically higher fluences and E γ,iso as compared to the whole GBM population. Their sub-MeV prompt fluence and E γ,iso are reported in Table 1 .
For the sample of LAT detected GRBs, one can compare the energy radiated in the keV-MeV range with the energy radiated in the LAT energy range. Examples of fluence-fluence diagrams are shown in Fig. 8 . The left-hand panel compares the LAT fluence integrated in time over the temporally extended emission, with the prompt fluence, for the GRBs included in the First Fermi-LAT GRB catalog. 47 Red symbols refer to short GRBs, while blue symbols are used for long events. In general the ratio between LAT and GBM fluences is smaller than 1 for long GRBs (the typical value being around 0.1), and larger than 1 for short GRBs. The right-hand panel shows a similar plot where also EGRET GRBs are included. 
The X-ray and optical afterglow of LAT GRBs
A systematic study published in Ref. 49 addresses the question whether the Xray and optical afterglows of LAT bursts have properties typical of the general population or they present some peculiarities. To answer this question, the authors considered three different samples: GRBs detected by BAT only, BAT and GBM, GBM and LAT, searching for differences in their afterglow emission. For the sample of long GRBs, the X-ray and optical lightcurves of the three different samples are shown in Fig. 9 (left-hand and right-hand panels, respectively). At the time of the study, early time afterglow observations were available only for the short GRB 090510. No significant differences emerged from this investigation: the afterglow emission of LAT-detected GRBs seems to share the same properties of the more general population of GRBs, both in terms of temporal decay rate and spectral indices.
The most evident difference is in the ratio between the energy released during the prompt emission phase E γ,iso and the luminosity of the X-ray afterglow: this ratio is larger for LAT bursts as compared to the BAT-only sample. This suggests that either the mechanism for prompt emission is more efficient in bursts with HE emission, or, conversely, their X-ray afterglows are suppressed. The origin of this suppression has been investigated in Ref. 73 , and will be discussed in section 4.2.
Origin of the high-energy emission
Many different models have been invoked to explain the HE emission detected from GRBs, including synchrotron and SSC radiation from electrons accelerated within the jet and/or in the (forward or reverse) external shocks, and hadronic models. While the initial, large variety of proposed models has been narrowed down by observations, it is difficult to argue in favour of one single origin able to explain all the observations, from early to late time, from 30 MeV to 100 GeV. The coexistence of different components, one of internal origin (able to explain the early time observations and the correlation with the prompt emission) and one of external origin (explaining the long-lasting, smooth behaviour) is the most plausible scenario.
This section discusses separately the origin of the HE emission from processes occurring within the jet (giving rise to the prompt component) and the origin of the HE emission produced in external shocks (responsible for the long-lasting radiation). The discussion focuses on synchrotron and SSC leptonic models, since there is a general consensus that they are able to explain all the most recurrent observed features.
Prompt component: internal origin
The temporal properties of the HE emission during the prompt phase indicate that this emission has an internal origin, or at least a dominant contribution from photons of internal origin. Data analysis 74 and theoretical modeling 75, 76 suggest that, in general, the contribution from an afterglow component during the prompt is sub-dominant, and the external shock emission starts to dominate the HE radiation at the end of the prompt phase. In support of this picture, some GRBs show a steep-to-shallow decay in their GeV lightcurve, which has been interpreted has the transition from prompt to afterglow dominated emission. 47 In this section, I review the mechanisms that can produce a HE radiation of internal origin.
Single spectral component
The emission detected above few tens of MeV during the prompt phase might simply be the high-energy continuation of the prompt spectrum. This would naturally produce a HE lightcurve with temporal characteristics resembling those of the emission in the keV-MeV energy range. The prompt spectrum can extend to the LAT energy range as a simple PL or can display a softening, depending on the position of the cutoff that is expected to arise because of photon-photon annichilation. The interest in these cases is provided by the possibility to infer the bulk Lorentz factor from the measure of the cutoff energy.
In Ref.
63, a standard model (applicable for example to pair production affecting the synchrotron radiation in internal shocks) and a photospheric model in a highly magnetized outflow are considered and applied to two GRBs with a well defined exponential cutoff at 20-150 MeV. Since the cutoff energy is clearly identified also in the time resolved analysis, the evolution of Γ with time and a tentative correlation with the flux are discussed. The estimated values of Γ are in the range 100-400, for both GRBs and for both theoretical models. These estimates are similar to the upper limits derived in Ref. 64 for a sample of six GRBs with no detection in the LAT range of sensitivity (see section 5).
In these models, a delay in the onset of the HE emission as compared to the onset of the keV radiation can be explained by different conditions at the emitting region, leading to a flux increase of the Band component, a hardening of the Band component (e.g., due to an increase of the peak energy E peak and/or a harder high-energy spectral index, caused for example by variations in the injected particle spectrum), or an increase of the cutoff energy due to a lower opacity to pair production.
Extra-component
The GRB prompt emission in the keV-MeV domain is likely related to synchrotron emission from electrons accelerated after energy dissipation within the jet, in internal shocks or magnetic reconnection events. Even though a synchrotron interpretation faces some difficulties in explaining the properties of the observed spectra, recent progresses in the characterisation of prompt spectra strongly support synchrotron radiation as the dominant contribution to prompt emission. [24] [25] [26] In this context, a HE additional component during the prompt phase can arise from SSC radiation, i.e., inverse Compton scattered synchrotron photons.
At least in one case (GRB 090926A) the HE spectral component is better described by a PL with a high-energy cutoff rather than a simple PL function. 60, 61 In this case the spectral peak may correspond to the peak of the SSC emission (likely affected by the Klein-Nishina suppression of inverse Compton scatterings) or, alternatively, may be caused by γ-γ annihilation. In the SSC scenario, the temporal delay can be explained if inverse Compton scattering occurs in Klein-Nishina regime at early times, while at later times, conditions in the shocked region are such that the scatterings enter the Thomson regime. 23, 77, 78 It is not clear, however, if the predicted delay -which should be comparable with the duration of the MeV pulse -are too short to satisfactorily explain the observations. 
Low-energy excess
An SSC component of internal origin can not explain the flux excess which is sometimes observed below 50 keV (GRB 090510, GRB 090902B and time resolved spectrum of GRB 090926A, see Fig. 5 ). From the point of view of empirical modelling, this flux excess is compatible with the extension of the high-energy extra-PL component to the lowest energies. A simple way to explain these two excesses as a single component is to invoke the contribution of synchrotron from the early afterglow. This might however be in contradiction with a possible temporal correlation between the flux of the extra-component and the flux of the prompt keV-MeV component. Alternatively, in the synchrotron-SSC internal scenario, the assumption that the low and high-energy excesses have the same origin should be relaxed and a further component must be invoked in order to model the low-energy excess. Late synchrotron emission from the cooled electrons has been proposed as a viable mechanism for the soft spectrum below 50 keV.
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In GRB 090902B, where the low-energy excess is most evident, the hardness and narrowness of the prompt spectrum point to a photospheric emission for the main prompt component. In this case the non-thermal PL component from keV to GeV energies may be synchrotron/SSC radiation from electrons accelerated at larger radii. 80 In Ref. 22 , the main emission from GRB 090902B is interpreted as photospheric emission, while Compton up-scattered photospheric emission is invoked to explain the > 10 MeV radiation, and synchrotron from internal shocks to explain the excess at low energies. In this interpretation, the high-energy component and the low-energy excess are two separated components, both produced at the same internal shock.
Hadronic models, (for example synchrotron radiation from protons 81 or photohadronic interactions, 82 can also explain a component producing a low energy excess via direct and/or cascade radiation (e.g., synchrotron from secondary pairs). The main disadvantage of hadronic models, however, is in their total energy budget, that is required to be extremely high. Energetic requirements can be relaxed by a very narrow jet with jet opening angle < 1
• .
Late time component: external origin
This section focuses on theoretical models for HE emission lasting much longer than the prompt phase. This emission is likely produced as a consequence of the interactions between the fireball and the external medium. In particular, the most viable model, that will be largely discussed in this section, invokes synchrotron radiation from electrons energized at the external shock, with a possible contribution from SSC.
Synchrotron
A first simple consistency check between late time HE observations and the afterglow model can be performed by comparing the typical lightcurve decay rates and spectral photon indices with theoretical predictions. The synchrotron afterglow theory, applied at frequencies ν > [ν c , ν m ], predicts a flux proportional to
, where p is the spectral index of the injected accelerated electrons. The typical decay rate observed in LAT lightcurves (F ν ∝ t −1.2 ) and the photon index (usually slightly softer than −2, see section 3) agree with model expectations for values of p < −2, 58, 71, 83-85 compatible with predictions from particle acceleration models. Moreover, also the lack of strong spectral evolution is in agreement with this interpretation.
While these model predictions refer to the phase when the blastwave is decelerating, at earlier times (i.e. when the bulk Lorentz factor is constant) the flux should rise as t 2 for a medium with a constant density profile, and as t 0 if the medium has a density decreasing as R −2 . In a few cases, an early time increase of the LAT flux has been identified and interpreted as early afterglow emission during the coasting phase. An example is shown in Fig. 7 , 71 where the HE lightcurve of GRB 090510 (as observed by the LAT and by the AGILE-GRID) is modeled with a smoothly broken PL with the first index fixed to +2 and the second one having best fit value −1.46
+0.06
−0.03 . In this context, the peak of the lightcurve should roughly correspond to the deceleration time and can then be used to estimate Γ 0 , similarly to what is usually done with optical data exhibiting a peak in their early time lightcurve. 86 This method has been applied to LAT data by several authors and usually returns Lorentz factors of the order of 10
3 . The analysis presented in Ref. 75 , however, cautions against the use of this method: at early time the contribution from internal origin is likely dominating the emission and the identification of the afterglow peak is not straightforward.
The closure relations mentioned earlier for the spectral and temporal indices refer to the case of a blast-wave that decelerates adiabatically. A radiative blastwave would result in a different (faster) temporal decay F ν ∝ t (2−6p)/7 . This regime was initially invoked in Ref. 58 to explain why LAT lightcurves have a steep decay (F ν ∝ t −1.5 ), steeper than what usually observed at later times in X-ray lightcurves, suggesting an initial radiative phase in the blast-wave evolution.
87 Subsequent analyses of the temporal decay of LAT lightcurves 47 recovered, for most GRBs, flatter temporal decay indices. Steep decays are yet found in GRB 080916C, GRB 090902B, and GRB 110731A.
Clustering of the HE lightcurves
Another prediction of the afterglow synchrotron theory is the existence of a linear correlation between the afterglow luminosity of the high-energy part of the synchrotron spectrum (i.e. above both ν c and ν m ) and the energy emitted during the prompt phase E γ,iso . The reason for this relation can be understood as follows. The afterglow luminosity at high-energy is produced by electrons in fast cooling regime, and then it depends only on two parameters:
88 the fraction e of dissipated energy that goes into the non-thermal electrons, and the energy content of the fireball E k,aft . This last quantity is related to the energy emitted during the prompt E γ,iso and to the efficiency of the prompt emission mechanism η γ through the equation E k,aft = E γ,iso (1 − η γ )/η γ . This means that the high-energy luminosity during the deceleration phase is determined by two unknown parameters ( e and η γ ) and is proportional to E γ,iso :
(1)
The proportionality between the high-energy afterglow luminosity and E γ,iso has been indeed found using X-ray data of both short and long GRBs. [89] [90] [91] [92] [93] These studies found that the correlation between L aft X (estimated at a fixed time t, usually 10 hr-1 day) and E γ,iso is approximately linear, as predicted by the afterglow model. According to the model, its scatter must be related to the variation of the parameters e and η γ among different GRBs (see equation 1). An example of this correlation is shown in Fig. 10 (left-hand panel) for a sample of long and short GRBs.
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If late time GeV emission is the high-energy part of the synchrotron spectrum, this correlation must be recovered also when the LAT luminosity is considered. This test has been first performed on a early sample of four GRBs in Ref. 58 , and then repeated on a larger sample of 10 GRBs with measured redshift in Ref. 94 . The results are shown in Fig. 10 (right-hand panel) . A strong correlation between the LAT luminosity at 60 s and E γ,iso is indeed found. The solid line (that is not a fit to the points) shows a linear relation.
A different way of displaying this relation is to plot the afterglow lightcurves normalised to E γ,iso , instead of showing the luminosity at a fixed time as a function of E γ,iso . The results for the sample of 10 LAT GRBs are reported in Fig. 11 . The panel on the left shows the luminosity lightcurves as a function of the rest frame time. The panel on the right shows the overlap (clustering) obtained when each lightcurve is normalised to the prompt energy E γ,iso (called simply E prompt in the plot label). The fact that the LAT lightcurves overlap when the time-evolving luminosity is divided by E γ,iso not only supports the afterglow scenario, but is also an indication that e and η γ must have a small dispersion in this sample of GRBs (the standard deviation of the gaussian distributions of their logarithmic values are σ Log e < 0.19 and σ Logη γ < 0.23). 94 The normalisation of the LAT lightcurves is consistent with typical values e = 0.1 and η γ ∼ 0.2. Whether this result on the small variation of e and η γ can be extended to the general GRB population is still an open question. Note however that very similar results on the typical value and narrow distribution of e have been found with a completely different method and sample, from the modeling of radio emission.
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Broadband modeling
The most direct way to test the forward shock interpretation is to perform broadband temporal and spectral modeling of all the available afterglow data (from radio to GeV) and investigate if it is possible to model the broadband data in the context of the afterglow scenario.
Broadband modeling of three LAT GRBs (GRB 080916C, GRB 090510, and GRB 090902B) was performed in Refs. 83, 84. Besides showing that the synchrotron external shock model is able to account for GeV data in a self-consistent scenario, the authors pointed out that the addition of GeV data constraints the magnetic field to be much smaller ( B ∼ 10 −6 − 10 −4 ) than the value traditionally assumed in afterglow studies ( B ∼ 10 −2 − 10 −1 ). They argue that the magnetic field is consistent with a shock-compressed circum-stellar medium characterised by preshock values of the order of a few tens of µG. These results were confirmed on a larger number of LAT GRBs, by different authors. 73, [96] [97] [98] In this context, a different interpretation for the small values of B was proposed in Refs. 97, 98, 99 . These values may be suggestive of a decayed magnetic field: the authors introduced a model where the micro-turbulence generated at the shock decreases as a function of distance from the shock front, and showed that the GeV to optical data can be consistently modeled within the synchrotron external shock scenario if B,+ ∼ 0.01 close to the shock, and B,− from 10 −6 to 10 −4 at the rear of the blast, where radio, optical and X-ray photons are produced.
An effort of performing broadband afterglow modeling of a larger sample of LAT GRBs was performed in Ref. 73 . The authors collected all LAT events for which X-ray afterglow observations are also available. If available, optical data have also been included in the analysis. Before performing broadband modeling, the authors outlined a striking result coming from the simple comparison of GeV and X-ray observations. Assuming that both GeV and X-ray late time (∼1 d) data lie above the synchrotron break frequencies ν c and ν m , the two sets of data can be used independently to estimate the prompt efficiency η γ and the blastwave energy content during the afterglow E k,aft (see equation 1). The results are shown in Fig. 12 . The left-hand panel displays, for each GRB of the sample, the ratio between E k,aft (called E 0,kin in the figure) estimated from X-ray data and from GeV data. The names of the GRBs are reported on the x-axis. The estimates of the energetics performed using X-ray data are systematically larger by a factor 10 to 10 2 , or even more. Note that the ratio is independent from the assumed values of e , provided that its value is constant in time. The uncertainty on p is taken into account in the error bars, but it can not explain the difference between the two independent estimates of E k,aft .
These estimates imply also different inferred values of the prompt efficiency, as shown in the right-hand panel of the same figure. Prompt efficiencies η γ inferred from X-ray data (green dashed) are in the range 0.7-1, in agreement with results from studies adopting the similar method and exploiting X-ray data. [100] [101] [102] The values of η γ inferred from GeV data (purple) are systematically lower, between 0.05 and 0.3, allowing for a less efficient mechanism. The two different estimates are inconsistent with each other, raising the question of which one of the initial assumptions (i.e., both X-ray and GeV are synchrotron radiation from the forward shock and they lie on the high-energy segment of the synchrotron spectrum) is not correct. Fig. 12 . Left: ratio between the blast-wave energy E k,aft estimated from X-rays observations and from GeV observations, inferred assuming that both the X-ray and the GeV band are above νc at the time of observations. The error bar is due to different assumptions on p (between 2.1 and 2.8). Filled circles correspond to p = 2.5. Right: efficiency of the mechanism producing prompt radiation, as inferred from X-ray (green) and GeV (purple), data using equation 1. Also in this case the uncertainty on p has been taken into account. From Ref. 73. Two possible explanations have been considered in Ref. 73 for the apparent inconsistency. One simple explanation is that the X-ray band in these GRBs falls below the cooling frequency: ν X < ν c . In this case, equation 1 can not be applied to X-ray data, but it can still be applied to GeV data, since the GeV band is more safely above ν c . The second possibility is that the X-ray band does lie above ν c , but the flux in this energy band is partially suppressed by SSC scattering. The suppression factor to be applied to equation 1 is (1+Y ), where Y is the Compton parameter, and will in general depend on the unknown parameters B and the density n. Since the GeV energy band is in Klein-Nishina regime, it is not affected by this effect. Also in this case, the method to infer E k,aft and η γ can be safely applied to GeV radiation, but not to X-ray radiation, i.e., the X-ray afterglow luminosity is no longer a robust proxy for the blastwave energetics.
To test the viability of one (or both) explanations, modeling of GeV, X-ray and optical data has been performed by the authors. The first result of this study is that for all GRBs in the sample, external shocks are a viable model to explain the long lasting GeV radiation. Second, in most cases the allowed solutions correspond to the case ν X < ν c (see one example in the left-hand panel in Fig. 13 ), and part of the parameter space correspond to cases where ν X > ν c but the X-ray flux is suppressed by SSC scatterings, while the GeV flux is in KN regime (see one example in the right-hand panel in Fig. 13 ). These findings imply that GeV data are a more robust proxy for the blastwave energy E k,aft and give more reliable estimates of the prompt efficiency. Whether this result is peculiar of this sample or can be extended to the general GRB population is not clear.
The third important result of this study is that in all 10 cases, the constraints derived on B show that its value is always much smaller than the one traditionally assumed in afterglow studies, consistently with findings from similar analysis ( B ∼ 10 −6 − 10 −4 ). Fig. 13 . LAT (red), X-ray (blue), and optical observations (green) of GRB 080916C at different times. Left: solid lines show an example of modelling where the X-ray band is located below the cooling frequency, while the GeV band is located above. Right: an example of modelling where Xrays are produced by SSC-suppressed fast-cooling synchrotron emission, while the GeV radiation is produced by non-suppressed fast-cooling synchrotron emission. The solid curves are the results of numerical afterglow modeling. The red and blue dashed lines are the expected flux in case of no SSC suppression and for frequencies above νc. It is evident that, according to this modelling, this assumption is correct for the GeV data, while it is not correct for X-ray observations, either because the X-ray observations lie below νc (left-hand panel) or because at the X-ray frequency the flux is strongly suppressed by SSC cooling (right-hand panel). From Ref. 73 .
Limit to the maximum energy of synchrotron photons
A simple way to derive the theoretical limit for synchrotron photons is to equate the electron acceleration timescale and the synchrotron energy loss timescale.
70, 103, 104
While the physics of particle acceleration, especially in relativistic plasmas, is uncertain, one can derive a conservative limit by assuming a very efficient acceleration (i.e., assuming the Bohm diffusion limit, in which the scattering mean free path is equal to the particle Larmor radius) and equating its timescale to the synchrotron losses timescale after which the particle loses half of its energy:
where B is strength of the magnetic field in the comoving frame. Under the simple scenario of homogeneous magnetic field, the maximum particle energy γ e,max is then inversely proportional to the square root of the magnetic field. This implies that the maximum synchrotron photon energy does not depend on B and is given by (comoving frame): 
This estimate returns a maximum synchrotron photon energy of 50 MeV in the comoving frame. Different choices on numerical factors may yield to estimates that differ by a factor of a few from the simple estimate reported here. The maximum photon energy in the observer frame is then:
In Fig. 6 we calculated this limit as a function of time (orange and blu solid lines for wind and homogeneous medium, respectively) and compared it with the most energetic photon detected by the LAT in different GRBs. The limiting curves have been estimated for typical values of the involved quantities (energetic, density and redshift). However, different choices of these parameters do not strongly impact the estimate of Γ(t), since in a homogeneous medium we have Γ(t)
. According to the results shown in Fig. 6 , the limit is violated by several LAT-detected photons.
One possibility to explain the tension between observations and predictions is to invoke a revision of the present understanding of particle acceleration in relativistic shocks. 70 An alternative explanation consists in abandoning the assumption that these are synchrotron photons, and considering the contribution of an inverse Compton component, either of external origin, or on the same synchrotron photons (SSC).
Synchrotron Self Compton
The first effect of SSC cooling is a modification of the high-energy part of the synchrotron spectrum. The transition from Thomson to KN regime will indeed result in an enhancement of the high-energy synchrotron flux as compared to the synchrotron flux at lower frequencies, suppressed by the SSC cooling (see an example in Fig. 13 ). This modification of the synchrotron spectrum has been invoked in Ref. 73 to explain the apparent inconsistency between X-ray and GeV fluxes, with GeV fluxes being higher than what expected from a simple spectral extrapolation of the X-ray flux. A suppression factor (1 + Y X ) up to several tens is required in order to account for the apparent discrepancy.
Beside modifying the synchrotron spectrum, IC scatterings produce a separated spectral component at higher energies. The contribution of this component to the LAT flux during the afterglow phase has been invoked by several authors, either to explain the full LAT late-time emission, or to explain at least those photons exceeding the synchrotron maximum energy. 53, 73, 99, 105, 106 In Ref. 73 authors find that for three GRBs (090926A, 090902B, and 090510) the GeV emission is dominated by SSC radiation, whereas the X-ray flux is dominated by synchrotron from fast-cooling electrons. A similar conclusion on GRB 090926A has been reached in Ref. 99 , where it is shown that at late time (after 10 2 s), when the Lorentz factor is decreasing and the synchrotron component at high-energies is suppressed by the maximum photon limit, the emission is dominated by the SSC (Fig. 14) . 
Non-detections: GRBs lacking high-energy emission
Most GRBs observed at MeV-GeV energies show no hint of HE emission. In these cases it is possible to estimate upper limits to the average source flux in a given time window. Flux upper limits have been estimated both from AGILE-GRID 107 and Fermi-LAT 64 observations. They can be used to constrain the unknown parameters of all those theoretical models predicting emission in the high-energy band.
Upper limits have been used in literature mainly to constrain two emission components: the high-energy part of the prompt spectrum and the high-energy part of the afterglow synchrotron spectrum. In the first case, the upper limit (estimated on the prompt duration timescale) is compared to the high-energy PL extrapolation of the sub-MeV prompt spectrum in order to infer the possible presence of a spectral cutoff and place constraints on the bulk Lorentz factor. In the second case, limits derived on longer timescales have been used to constrain the brightness of the highenergy part of the afterglow synchrotron component. As it will be discussed in the following, also in this case it is possible to infer information on the bulk Lorentz factor.
Lack of prompt high-energy radiation
The lack of HE detection during the prompt phase may be simply caused by the softness of the Band spectrum above its spectral peak and/or the faintness of the emission. To understand if non-detections imply instead the presence of a highenergy cutoff in the prompt spectrum, one simple method consists in extrapolating the best fit spectral model of the emission detected by the GBM into the HE range and compare the predicted flux with the upper limits imposed by the HE nondetection. This analysis has been performed in Ref. 64 on LAT observations. The authors collected a sample of 288 GRBs detected by the GBM and observed by the LAT (i.e., falling within the LAT field of view), but with no hint of LAT emission. For each burst, the upper limits to the average 0.1-10 GeV flux have been estimated on the timescales corresponding to the prompt emission duration.
A statistically significant presence of a spectral cutoff has been found in six GRBs. Assuming that the cutoff is caused by γ-γ attenuation within the source, the bulk Lorentz factor has been estimated from the location of the cutoff. Since in these six cases there is no direct measurement of the cutoff energy, only an upper limit Γ max can be estimated, conservatively assuming that the cutoff energy is below 100 MeV. For one GRB with measured redshift, this method led to infer Γ max ∼ 155, while for the other 5 GRBs the upper limits were derived as a function of the redshift. For redshifts in the range 1 to 5, the upper limits varies from ∼ 200 to ∼ 600.
A similar analysis has been performed on 64 AGILE GRBs observed by the GRID.
107 For the 28 events with known prompt spectral properties, the GRID flux upper limits (estimated in the energy range 30 MeV-3 GeV) revealed no strong evidence for the presence of high-energy spectral cutoffs. 
Lack of late time high-energy radiation
One of the spectral components that might contribute to the ∼ GeV flux on time scales much longer than the prompt emission duration is synchrotron radiation from electrons energised at the external shock (i.e., the high-energy part of the synchrotron afterglow spectrum). It is then interesting to determine the constraints on the afterglow model parameters inferred from the absence of a detectable afterglow emission at high energies.
It is reasonable to assume that the γ-ray energy band is located above the cooling frequency of the synchrotron afterglow spectrum (i.e., ν LAT > ν c ). In this frequency regime, the afterglow flux increases in time during the coasting phase, reaches a maximum around the deceleration time and then decays, following a power-law behaviour in time (Fig. 15, left-hand panel) . This behaviour is consistent with observations of the brightest LAT GRBs (see Fig. 15, right-hand panel) . In order to model the expected HE afterglow emission and infer constraints based on the comparison with HE flux upper limits it is necessary to determine the position of the peak of the HE lightcurve and the overall lightcurve normalisation.
As already discussed in section 4, during the power-law decay, the afterglow luminosity at a frequencies ν > ν c depends only on the fraction e of energy gained by the shocked electrons and on the energy E k,aft of the blastwave. 88 This last quantity is related to the energy emitted during the prompt E γ,iso and to the efficiency of the prompt emission mechanism η γ through the equation E k,aft = E γ,iso (1 − η γ )/η γ . The afterglow luminosity at ν > ν c during the deceleration can then be predicted from E γ,iso , assuming some values for e and η γ . As previously discussed, there is evidence that these two parameters do not vary too much among different GRBs.
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If this is the case, the HE afterglow luminosity is determined mainly by E γ,iso . Red arrows show the upper limits for GRBs with measured redshift. Star symbols denote GRBs for which Γ has been estimated from the peak of the early optical lightcurve (green stars) and GeV lightcurve (yellow stars). 86 E γ,iso determines then the normalisation of the power-law decay of the high-energy afterglow flux, while the power-law index is given by t −(3p−4)/2 . The peak time of the lightcurve is set by the initial bulk Lorentz factor Γ 0 : for large Γ 0 , the fireball decelerates at early time, the afterglow lightcurve peaks earlier, and is initially brighter. For smaller Γ 0 , the afterglow lightcurve peaks at later times and the early time luminosity is dimmer as compared to the large-Γ 0 case. This is evident in Fig. 15 (left-hand panel) where two simulated high-energy lightcurves are reproduced, corresponding to two events with same E γ,iso (and then same behaviour after the deceleration time) but different initial Lorentz factors Γ 0 .
As a consequence, for a given E γ,iso , that is known from prompt observations, the HE emission detectability strongly depends on the value of Γ 0 . This implies that from the non-detection of the afterglow component at high-energies and from the estimate of the energy E γ,iso radiated during the prompt emission, it is possible to set an upper limit to the value of Γ 0 .
This method has been applied both to AGILE-GRID upper limits 107 and to LAT upper limits, 108 and the results are shown in Fig. 16 (left and right panel, respectively). In both panels, a homogeneous density medium has been assumed. A wind medium results in stronger constraints (a factor of 3-4) on the Lorentz factor. When the redshift is unknown, the upper limits are represented by curves as a function of z.
GRB observations at very high energies
The detection of several photons with energies between few tens of GeV and 0.1 TeV at relatively late times (see Fig. 6 ) encourages searches for GRB emission at veryhigh energies (VHE, > 100 GeV). Thanks to the several tens of thousands times larger effective area as compared to telescopes in space, ground-based TeV astronomy allows for counterpart searches with orders of magnitudes better sensitivity.
Presently, it is not clear whether GRBs are TeV emitters, the only hint for ∼ TeV emission coming from the Milagrito experiment, 109 a TeV air-shower array, prototype of the Milagro detector. Milagrito was a water Cherenkov telescope that operated between 1997 and 1998, and observed 54 GRBs detected by BATSE and within its field of view. Evidence of TeV emission was found in one case (GRB 970417), with a probability of 1.5×10 −3 of being a background fluctuation. 110 An excess of events was observed from the direction of the burst, during the emission observed by BATSE. Despite the difficulty in obtaining information on the energy of individual events, the excess observed by Milagrito, provided its association with GRB 970417, is likely caused by photons of at least 650 GeV. 111 No GRB detections were found by the later Milagro experiment.
Except for this case, all the GRB follow-up observations conducted so far by experiments sensitive at VHE resulted only in upper limits. The reasons are manyfold. First, it is still not clear whether GRBs radiate a significant amount of photons above 0.1 TeV, and in any case, being cosmological sources with mean redshift ∼ 2, they suffer from absorption by the Extragalactic Background Light (EBL). The most promising energy range for ground detections is then 10-100 GeV, both because less affected by the EBL and because photons with such energies have already been detected, though they are rare. A low energy threshold of ground-based γ-ray detectors, as low as a few tens of GeV, is then fundamental to detect GRBs.
Another characteristic that strongly affects the probability of detecting photons from a GRB is the possibility to observe the source in the early phase of the emission. According to LAT observations, the high-energy flux fades indeed in time as t −1.2 or even faster. Current observations of GRBs at VHE have led so far to upper limits on time scales ranging from a few tens of seconds to days.
Apart from the faintness of most GRBs at very high energies, the reasons for this lack of success include the relatively high-energy threshold (∼ 100 − 200 GeV) of past imaging atmospheric Cherenkov telescopes (IACT), a low duty cycle (∼ 10%), as well as the IACT narrow field of view (a few degrees) combined with the poor localization capabilities of the space detectors such as the CGRO/BATSE and the Fermi/GBM: for these detectors, the error box can be quite limiting when performing follow-up observations, since it is of the order of the size of a typical IACT field of view. Extensive air shower (EAS) arrays overcome some of these limitations, but suffer from higher energy thresholds and lower sensitivities than IACTs, caused by a smaller effective area and a more difficult background rejection.
GRB follow-up programs are currently active for all IACTs, such as H.E.S.S. m , MAGIC n , VERITAS o , and also for the extensive air shower arrays HAWC p . I summarize in the following the present status of observations with the major, currently operative IACT and EAS detectors. The last part of this section will be instead dedicated to future facilities for observations at VHE. Since 2012, H.E.S.S.-II has followed more than 30 GRBs, 7 and most of them were observed with CT5. Also with the upgraded facility, neither individual GRB observations nor stacked analyses provided the detection of a VHE signal.
The flux upper limits for 3 GRBs observed by H.E.S.S.-II are shown in Fig. 17 . 
VERITAS
The Very Energetic Radiation Imaging Telescope Array System (VERITAS o ), located in southern Arizona, is an array of four 12 m IACTs, mostly sensitive from ∼ 100 GeV to ∼ 10 TeV, with a field of view of ∼ 3.5
• . The cameras were upgraded in 2012, to reach an improved sensitivity and a lower energy threshold.
The VERITAS Collaboration has activated a GRB observing program since the beginning of full array operations in 2007. Data taken over the first three years from 16 GRBs triggered by the Swift-BAT are presented in Ref. 8 : among the 9 bursts with measured redshifts, 3 could be constrained to have VHE afterglows less energetic than the prompt measured by Swift-BAT in the 15-350 keV energy range.
VERITAS performed follow-up observations of GRB 130427A from 71 to 75 ks (∼ 20 hours after the onset of the burst).
9 At that time, the LAT was still detecting radiation from the source. The joint LAT-VERITAS spectrum in the observing time window of VERITAS is shown in Fig. 18 and compared with modeling of afterglow radiation. The SSC models are estimated from Ref. 116 , that is limited to the case of Thomson regime. The tension between model predictions and VERITAS upper limits might then be a hint for the Klein-Nishina effect on the SSC spectrum (see the dashed, dotted, and solid line in Fig. 18 ). 
MAGIC
The Major Atmospheric Gamma Imaging Cherenkov (MAGIC n ), located in the Canary Island of La Palma, is a system of two 17 m IACTs, with a 236 m 2 reflective surface each, and a 3.5
• field of view. Observations started in 2004 with one single telescope. The second telescope was added in 2009, improving energy and angular resolution, and significantly increasing the sensitivity. A major hardware upgrade in 2013 allowed further performance improvements.
MAGIC is particularly suited for the study of GRBs, thanks to its low energy threshold ( 50 GeV), combined to a very fast repositioning speed (∼ 7
• per second), achieved by minimising the device weight. As of 2016, MAGIC has observed 89 GRBs in good observing conditions. 10 The zenith angle versus delay time of MAGIC observations are shown in Fig. 19 (left-hand panel) for a sample of GRBs. The recent upgrade of the MAGIC system and an improved GRB observation procedure have increased the rate of follow-ups starting within 100 s after the GRB trigger (coloured filled circles), increasing the probabilities of detection.
Among the follow-up observations deserving mentioning, the observations of GRB 090102 (performed when MAGIC was operating as a single telescope) is particularly interesting.
117 Observations started 1161 s after the Swift-BAT trigger, when both Fermi and Swfit observations were ongoing. Simultaneous observations by Fermi-LAT and MAGIC allowed to place upper limits on the high-energy SSC component. The upper limits derived by MAGIC and LAT for GRB 090102 are shown in Fig. 19 (right-hand panel) and compared with modeling of synchrotron and SSC afterglow emission. In the overlapping energy range of sensitivity, MAGIC upper limits are more stringent than LAT upper limits, by an order of magnitude. 
Extensive air shower arrays
IACTs are pointed instruments with limited field of view that need to slew to the GRB position. For this reason, in general they miss the brightest emission phase. The small field of view also implies that IACTs need GRBs to have a small localization error. Another disadvantage affecting the performances of IACTs is that they operate only in good weather conditions, at night, with no or limited moon light. The duty cycle of IACTs is then reduced to 10-15%.
EAS arrays, on the contrary, have the advantage of very high duty cycle (over 95%) and very large instantaneous field of view (nominally 2 sr) so they are able to catch GRBs even with a localization error of several degrees. This comes at the price of a lower sensitivity as compared to IACTs, due to their smaller power in rejecting background events induced by charged cosmic-rays.
With reference to future planned facilities, The Large High Altitude Air Shower Observatory (LHAASO) is expected to study a wide energy range (100 GeV -1 PeV) with unprecedented sensitivity (as compared to other EAS arrays), thanks to a multi-component approach.
119 LHAASO will be located at an altitude of 4410 m, in China. Completion of the installation is expected at the end of 2021.
In the next section, I will review GRB observations performed by the currently operative observatory HAWC. A recent analysis of GRB observations during the first 18 months of HAWC full operation has been published in Ref. 11 . HAWC successfully observed 64 GRBs detected by Swift and/or Fermi (including 3 GRBs detected also by the LAT), and reported no statistically significant excess of events. Of particular interest is GRB 170206A, a bright short GRB for which the fluence in the HAWC energy range implied by the HAWC upper limits is below the fluence detected in the Fermi-GBM energy range. From simultaneous GBM-LAT-HAWC observations, the authors infer that, provided that an SSC prompt component is present and for a reasonable small redshift, VHE upper limits constrain the high-energy cutoff to be smaller than 100 GeV.
Future prospects for VHE observations
CTA
The Cherenkov Telescope Array (CTA q ) is the next generation of ground-based observatory for γ-ray astronomy at very-high energies, sensitive in the range from ∼ 20 GeV to 300 TeV. To cover such a large energy range with good sensitivity, CTA will feature three classes of telescope types. For its core energy range (100 GeV-10 TeV), CTA is planning 40 Medium-Sized Telescopes (MSTs). Eight Large-Sized Telescopes (LSTs) and 70 Small-Sized Telescopes (SSTs) are planned to extend the energy range below 100 GeV and above 10 TeV, respectively. The telescopes will be located at two different sites (La Palma and Paranal), covering the northern and southern hemispheres. The MSTs and LSTs will be installed on both sites, while the SSTs will only be installed on the southern hemisphere site. First telescopes are scheduled to be on site in 2019, operations should begin in 2021, and the array construction is expected to end in 2024.
The LSTs, sensitive in the energy range ∼ 20-200 GeV, are the most interesting ones for GRB studies. They have a 23 m diameter, 400 m 2 collecting surface, and a ∼ 4.5
• field of view. The repositioning time is expected to be around 20 s. An LST prototype telescope is under construction in La Palma. Its installation is expected before the end of 2018 with commissioning phase until mid-2019. With its low energy threshold, large effective area, and rapid slewing capabilities, CTA will be able to measure the spectra and variability of GRBs at multi-GeV energies with unprecedented photon statistics (see Fig. 20 for a comparison with other Cherenkov telescope arrays r ). Estimates of GRB detection rates performed by different authors roughly amount to ≈ 0.1 − 1 GRB per year. 121, 122 However, these estimates suffer from important uncertainties, because they depends on the final CTA configuration and performances, on the availability of triggers and localisation precision, and on the still uncertain nature and properties of the VHE emission in GRBs.
In Ref. 122, the authors have explored a phenomenological approach to perform simulations of GRB lightcurves and spectra as seen by CTA. They considered two among the brightest GRBs detected by LAT and extrapolated their spectra up to higher energies using PL functions with photon index equal to the photon index measured by LAT. The temporal decay of the flux is also taken from the temporal index measured by LAT. To assess the role of different redshifts and different intrinsic luminosities, the template source has been also moved at different redshifts (from 1 to 6.5) and dimmed by a factor 0.1 to account for more typical luminosities. Different models of EBL have been considered.
Encouraging results are derived from these simulations. For GRB 090902B (z = 1.822), CTA would have detected 1000-2000 photons with a 50 s exposure q http://www.cta-observatory.org r https://www.cta-observatory.org/science/cta-performance time, starting observations 50 s after the burst trigger. A number of events ten times larger would have been detected from a GRB with the properties of GRB 090902B but located at z = 1. In this case, photons up to 400 GeV might be potentially detected. For larger redshifts, the capability of detecting HE photons rapidly decreases, although a GRB similar to 080916C but located at z = 6.5 would result in about 200 photons detected (all below 100 GeV).
The detection rate, however, is quite modest, mainly because such bright events are rare, and because of the small expected duty cycle of CTA (∼ 10%). To increase the detection chances, a rapid follow-up and an energy threshold as low as possible are crucial and have a strong impact on the expected detection rate.
Conclusions
The HE radiation detected from GRBs carries a wealth of information and a strong potential to shed new light on the physics of processes occurring both within the jet and in interactions between the jet and the external medium. The temporal and spectral properties of this emission are indeed strongly connected to the nature of some of the least understood mechanisms at work in GRBs. As illustrated in this review paper, the HE radiation is indeed strictly related to the nature of prompt emission mechanism, to the efficiency of the acceleration mechanism, to the configuration and origin of magnetic fields, to the properties of the emitting region, and finally to the density of the external medium.
The exploitation of HE observations as a tool to constrain models and learn about the mentioned open issues requires, however, a good understanding of the origin of this emission. The first obstacle is represented by the difficulty in disentangling different components: while it seems clear that photons arriving well after the end of the prompt phase have an external origin, during the prompt emission a (possibly dominant) contribution from radiation produced within the jet is required. Disentangle the two components is however a hard task. Additional spectral components have been clearly identified during the prompt phase, but it is not clear if they originate from inverse Compton scatterings of the keV-MeV spectrum or if we are observing the early afterglow. In a few cases the HE additional component seem to extend also to lower energies, dominating the emission below 20-50 keV. This behaviour is at odd with an interpretation of prompt emission in a simple synchrotron-SSC scenario. In general, the presence of an inverse Compton component associated to prompt emission (that was one of the main expectations from Fermi-LAT observations) has not been clearly identified yet.
The HE radiation detected during the afterglow phase is better understood. Usually, it can be satisfactorily modeled as synchrotron radiation from the external shock. At odd with this interpretation is the detection of photons with energies in excess of the maximum limit expected for synchrotron photons. However, these photons might be explained by the presence of an SSC component dominating at least the high-energy part of the LAT energy range.
The presence of an afterglow SSC component at GeV-TeV energies represents an appealing possibility for GRB detections with the CTA. 123, 124 Past and present follow-up observations from Cherenkov telescopes have not detected so far any excess of events coming from GRBs. However, for the brightest GRBs (e.g., GRB 130427A) the derived flux upper limits lie close to theoretical expectations. The improved sensitivity expected to be achieved by the CTA gives reasonable hope for future GRB detections: a few but invaluable GRB detections are expected at 20-100 GeV and possibly even beyond.
